Estimated values for the respiration associated with symbiotic nitrogen fixation in Pisum sativum L. were independent of irradiance, temperature, plant age, and CO2 concentration, despite large variation in the total rates of C2H2 reduction and root + nodule respiration. Similar values were also found in Phaseolus vulgaris L., Vicia faba L. and Glycine max (L.) Merr.
There is considerable evidence that symbiotic N2 fixation by bacteroids is often limited by the supply of photosynthetic products from the host legume (2, 11, 13, 26) . Under such photosynthate-limited conditions any increase in symbiotic fixation will have to be associated with improved total photosynthetic productivity or with more efficient utilization of the available photosynthate. Unfortunately both defining and assessing the efficiency of energy use (energetic efficiency) of symbiotic fixation are difficult to do since the idea embraces a wide range of plant and bacterial processes which are as yet poorly understood.
In general, the energetic efficiency of fixation can be expressed as a ratio of energy consumed to theoretical energy requirement. The reduction of 1 molecule of N2 to NH3 requires 6 electrons and 12 ATP (19, 27) . Additional energy demands for assimilation of fixed nitrogen as well as nodule production and maintenance can be included in estimates for symbiotic systems (15, 21) . Even if these estimates of energy requirements are valid, efficiency remains difficult to assess because the energy consumed by the fixation processes can only be estimated indirectly. Comparisons of fixing and nonfixing plants (1, 10, 24) and measurements of respiration during fixation (4, 15, 18, 21) are the methods most commonly used. There are difficulties with both of these approaches (4, 10) and the values from a number of reports converted to respiration units vary from 0.4 to 22.6 mol CO, respired/mol NH3 symbiotically fixed.
A number of possible inefficiencies have been suggested which could decrease symbiotic fixation under energy-limiting conditions. The reduction of protons to H2 by nitrogenase (19, 27) can ' NRCC No. 17227. account for a large fraction of the total electron flux (3, 22, 23 ). This energy-consuming process and the possible sparing effect of recycling H2 by hydrogenase (7, 17, 20) may be important to the energetics of fixation. In addition, other inefficiencies in the coupling of phosphorylation to respiration have also been suggested (8, 1 
1).
Recently it was proposed that the total respiration of an intact root and nodule system can be partitioned according to the following equation2:
where R is total respiration, W is root + nodule dry weight, t is time, N2-ase is nitrogenase activity, and RM, RG, and RFiX are maintenance, growth, and fixation coefficients, respectively (15, 16) . In addition, it was shown that the respiration associated with a unit of C2H2 reduction (RFix), could be estimated by comparison of the respiration and C2H2 reduction rates in actively fixing plants and in plants with inhibited nitrogenase activity following nitrogen addition. Although this method would not detect differences due to H2 evolution or recycling when saturating levels of C2H2 are used (12, 23) , estimates of RFiX at lower C2H2 concentrations should reflect energetic differences related to both H2 and respiratory metabolism.
The previous work indicated good agreement between the experimental data and the respiration model proposed, and yielded reproducible values with a single pea variety and a commercial mixed inoculant (15) . In this report are the results from studies on environmental and genotypic effects on the respiration related to symbiotic fixation.
MATERIALS AND METHODS Plant Culture. All plants were grown in controlled environment cabinets (Enconaire Ltd., Winnipeg, Canada) with a 14-h photoperiod and day/night temperatures of 20/15 C. Low irradiance light was provided by mixed cool-white fluorescent and incandescent or Gro-lux wide spectrum fluorescent lamps at an average photon flux density (400-700 nm) of 250 [E m-2 s-'. A higher irradiance was provided by equal wattage of Sylvania Lumalux and Metalarc lamps at an average of 1,000 IE m-2 s-' (400-700 nm).
All seeds were inoculated with peat based inoculants (107-109 cells per seed) and grown in an inert medium as previously described (16 Commercial inoculum preparations of R. leguminosarum, R. phaseoli, and R. japonicum were obtained from The Nitragin Co. (Milwaukee, Wis.). Single strain inocula of R. leguminosarum from other sources were obtained from the laboratory collection, grown as described previously (5), and incubated 48 h in sterile peat before using.
Unless otherwise specified, experiments were carried out with Trapper peas and commercial mixed inoculum.
Gas Exchange Measurements. The gas exchange apparatus and procedures for determining respiratory CO2 efflux and C2H2 reduction in intact nodulated peas were similar to those described previously (16 C2H2 injection (or closure of the chambers at 0%7o C2H2). H2 was measured gas chromatographically with stainless steel column (2 m x 3 mm) of molecular sieve 5A and a thermal conductivity detector. Samples for C2H4 and H2 determination were taken simultaneously and for each plant the rates of C2H4 and H2 production were; measured at all levels of C2H2 after the chamber was flushed (15 min at 120 liters h-') with the appropriate gas mixture. The order of measurement for the five C2H2 levels was varied in replicate plants measured on successive days.
In most experiments, the respiration per unit of C2H2 reduced was determined by linear regression of all respiration rates on their respective rates of C2H2 reduction including +N and N-free treated plants. Respiration and C2H2 reduction rates used in analysis were based on total plant dry weight, to decrease plantto-plant variability (15) . The analysis of C2H2 reduction data from the cultivar/strain experiment considered all nine N-free treated plants as replicates; however the RFiX values presented are means of the regression coefficients from the three replicate experiments, each consisting of six plants (three +N, three N-free).
RESULTS
In all experiments the production of C2H4 was linear over the 30-min measuring period, as was the production of H2 gas in the one experiment in which it was measured.
Since it has been shown previously that the respiration versus C2H2 reduction relationship is linear over a wide range of values (15, 16) , linearity was assumed in these results even though only two discrete treatments were used. For simplicity in presentation only the means of treatment groups are presented.
Although irradiance, temperature, and plant age all had large effects on the rate of C2H2 reduction and root + nodule respiration in N-free grown plants, the RFi. values were unaffected by these treatments (Table I) .
Increasing the CO2 concentration from 0.1 to 3% significantly decreased the rates of respiratory CO2 efflux by the roots and nodules of peas exposed to both +N and N-free nutrients, although C2H2 reduction rates were unchanged (Fig. la) . Because the respiration rates of +N and N-free treated plants differed by a constant amount of all CO2 concentrations, the plot of respiration versus C2H2 reduction (Fig. lb) shows four almost parallel lines and the RFi. values estimated by linear regression were similar. In another experiment the respiration was similar at 0, 0.03, and 0.3% CO2 but was inhibited at 3.0%Yo C02; the RFiX was the same at all levels.
On a whole-plant basis the slopes of the respiration versus C2H2 reduction plots from four legumes were similar despite the much greater root + nodule respiration in V faba (Fig. 2) . When data were expressed per unit plant dry weight, the respiration rates of roots and nodules of +N treated plants were almost the same and the regression coefficients of respiration on C2H2 reduction (RFi,) were also similar (Table II) (Table IV) showed lower over-all variability with values ranging from 0.14 to 0.31 mg CO2 (,mol C2H2 reduced)-'. Analysis of variance indicated that only the plant genotype significantly influenced the respiration associated with C2H2 reduction and that 48% of the total variability was related to the plant genotype. Inoculum and interaction effects were not significant.
In this intact root + nodule system the rate of C2H2 reduction increased with C2H2 concentration up to 5% (v/v) in both air and Plant Physiol. Vol. 63, 1979 Ar/02, while rates of H2 evolution decreased (Fig. 3) . In air the rates of both processes were lower as compared to Ar/02 except at the highest C2H2 level. The sum of the C2H2 and H2 production rates was relatively constant in Ar/02 but was much lower at low C2H2 in air and increased as the C2H2 concentration increased. DISCUSSION In previous reports (15, 16) it was proposed that the energy requirements of the nitrogen fLxation process could be estimated from respiration measurements if that component of the respiration related to fixation activity could be independently assessed.
The results in Table I show that respiration related to fixation was independent of irradiance, temperature, and plant age, even though the total rates of C2H2 reduction and respiration varied greatly. Previous results (15) also showed no effect of irradiance during growth, and the similar value at 1,000 E m-2 s-' suggests that this light independence probably extends to sunlight levels and the RFiX values determined in controlled conditions are representative.
Although the RFiX value is very stable to both growth and measurement conditions, as an estimate of the respiration requirements of fixation, a simple ratio of total respiration to fixation (4, 18, 21) will be both high, because of the inclusion of other respiration components (15) , and variable, because of the different environmental responses of the different processes. It is likely that such a ratio from measurements with detached nodules (18) would more closely indicate RFiX since a greater proportion of the respiration should be directly related to the fixation process.
In other studies of respiration and nitrogen fixation (18) CO2 efflux was measured at high CO2 concentrations corresponding to those measured in normal rooting medium (6) . Since the respiration in the present and previous reports (15, 16) was measured at a CO2 concentration of 300 to 350 tul/l and there is evidence that both roots (25) and nodules (6, 14) may fix appreciable amounts of CO2, the values obtained at atmospheric CO2 levels may not be applicable to the normal growth situation. When peas were examined under high CO2 conditions, the root + nodule respiration was significantly depressed as the CO2 concentration increased (Fig. la) . C2H2 reduction was unaffected by CO2 and the constant difference in CO2 efflux between N-free and +N treated plants, made the RFRX values similar at all CO2 levels (Fig. lb) . Inasmuch as a net outward flux of CO2 was measured at 3% CO2, the internal CO2 levels must have been even higher, and it seems unlikely that the decreased CO2 efflux at high CO2 was a result of increased refixation of CO2 by a PEP carboxylase system (6, 14) . There is some evidence of inhibited root growth in peas at high CO2 (25) and such an inhibition would reduce the growth respiration and hence only they intercept of the respiration versus C2H2 reduction plot (15) . Because nitrogenase activity was unaffected by C02, both the respiration (15) and refixation (6) associated with nitrogen fixation would also be constant and the increase in net CO2 efflux in N-free conditions would be independent of CO2 concentration.
The slopes of the respiration versus C2H2 reduction plot were similar for four legumes, despite the large variation in root + nodule respiration when expressed on a whole-plant basis (Fig.  2) . The high respiration rates in V.faba were related to the greater mass of plant and nodule tissue in this species after 5 weeks growth (Table II) . As was reported with peas (15) , the coefficients of variation were greatly reduced from averages of 25 and 30%o for respiration and C2H2 reduction on a whole-plant basis to 14 and 18% when corrected for plant mass. Examination of the RFiX values with different Pisum and Rhizobium combinations showed significant variability in the respiration associated with fixation. This variability was related to plant genotype and apparently independent of bacterial strain. The lack of a bacterial effect, considering the recent evidence that H2 evolution is a bacterial characteristic (7, 9, 22) , is surprising. The four inocula, despite their different origins, may not represent a broad range of H2-evolving ability. Differences due to the H2 evolution would be diminished because of the inhibition of the H2 evolution by C2H2 even at the nonsaturating level used (Fig. 3) .
In these experiments the mean RFiX values for the pea cultivars were significantly different (P c .05). Although a decrease in this coefficient might be caused by a greater proportion of the nitrate reduction occurring in the roots (15) , this would be expected to raise the respiration rate in +N treated plants and hence the y intercept of the respiration versus C2H2 reduction relationship. In fact, the respiration intercept was smallest in Laxton's Progress (2.07 ± 0.12 mg g-' h-') which evolved the least CO2 per unit C2H2 reduced as compared to 2.73 ± 0.13 mg g-' h-' in Trapper and 2.53 ± 0.08 mg g-' h-' in JM 11 which had the greatest RFiX.
Without complete sterility, experiments of this kind cannot be interpreted too rigorously since cross-contamination by a highly competitive strain could negate a bacterial genotype effect. However, sterilization of seeds and pots combined with heavy inoculation with the specified Rhizobium should have given a competitive advantage. The highly significant inoculum effect on total C2H2 reduction (Table III) , while not definitive, does indicate that different strains were responsible for fixation.
When no N2 was available for reduction, the sum of H2 and C2H4 production rates was approximately constant (Fig. 3) and represents the total nitrogenase activity (11) . In air the sum approaches this total only at 5% C2H2 and the difference at lower C2H2 levels can be used to estimate the reduction of N2 to NH3 (9, 12) . The relative rate of H2 evolution in air was similar to other values reported for peas (2, 20, 23) and accounted for 55% of the total electron flux in the absence of C2H2. Since C2H2 reduction at the C2H2 level used in these experiments (2%) represented 65% of the total electron flux, an approximate conversion of I ,umol C2H2 reduced to 0.23 ,umol N2fixed can be estimated. This is somewhat different from the value of 0.33 umol N2 fixed/4imol C2H2 reduced determined from nitrogen accumulation and C2H2 reduction (15) and it is not known which is a more valid estimate. In Table V both values have been used to convert RFiX values to units which can be compared directly to a theoretical estimate of the respiratory CO2 efflux required for symbiotic fixation. The variation in respiration associated with fLxation in these experiments from the theoretical requirements to a value two to three times greater suggests that in some pea cultivars either fixation requires more energy or that the respiratory processes are less efficiently coupled to fixation. Requirements of H -evolving system based on H2 evolution measured in intact system (Fig. 3) . Estimated values are based on a range of RFiX=0.14 to 0.27 mg C02 (pimole C2H2 reduced)-l (Table III) and are converted either according to the relative rates of H2, C2H4 and NH3 production in Fig. 3 This estimate of respiration requirement is considerably higher than that reported previously (18) from carbon balance studies with peas (1.73 mol C02/mol NH3). In those studies if there was no H2 evolution, then the respiration requirement should have been lower, but still somewhat higher than the measured value.
The present results verify that root and nodule respiration can be greatly different in fixing and nonfixing legumes (4, 15, 21) . When such differences are not found it is presumed that most of the nitrate-reducing activity is also located in the roots (18) .
The least respiration associated with nitrogen fixation in Laxton's Progress peas was estimated to be between 4.8 and 6.9 mol C02/mol NH3 produced. This is similar to the theoretical minimum of 4.7 mol C02/mol NH3 for symbiotic combinations with high H2 evolution.
The greatest respiration related to fixation was in the Indian cultivar PI 165949 averaging between 9.3 and 13.3 mol C02/mol NH3 fixed. This was significantly higher than Laxton's Progress and since respiration associated with fixation represents between 25 and 40%o of the total root + nodule respiration (15) , such a difference should have a major effect on the relative carbon and energy balance of the two cultivars during symbiotic fixation.
Although growth and measurement conditions had significant effects on the rate of C2H2 reduction by nodulated peas (Table I and Fig. 1 ), the respiration associated with fLxation is independent of these factors. Significant variability in this estimate ofefficiency has been demonstrated in a narrow range of pea germplasm, however no bacterial effect was detected. If a relationship between this estimate and the potential productivity of symbiotic systems can be established, this approach offers a method of assessing the energetic efficiency of symbiotic fixation.
